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Abstract: Zinc oxide (ZnO) is one of the most versatile semiconductor materials with many potential
applications. Understanding the interactions between the surface chemistry of ZnO along with its
physico-chemical properties are essential for the development of ZnO as a robust photocatalyst for
the removal of aqueous pollutants. We report on the fabrication of nanoparticle-like porous ZnO
films and the correlation between the fabrication process parameters, particle size, surface oxygen
vacancies (SOV), photoluminescence and photocatalytic performance. The synthesis route is unique,
as highly porous zinc layers with nanoscale grains were first grown via magnetron sputtering, a
vacuum-based technique, and subsequently annealed at temperatures of 400 °C, 600 °C and 800 °C
in oxygen flow to oxidise them to zinc oxide (ZnO) while maintaining their porosity. Our results
show that as the annealing temperature increases, nanoparticle agglomeration increases, and thus
there is a decrease in the active sites for the photocatalytic reaction. However, for selected samples
the annealing leads to an increase of the photocatalytic efficiency, which we explain based on the
analysis of defects in the material, based on photoluminescence (PL). PL analysis showed that in
the material the transition between the conduction band and the oxygen vacancy is responsible for
the green emission centered at 525 nm, but the photocatalytic activity correlated best with surface
states—related emission.

Keywords: ZnO nanostructures; photocatalysis; photoluminescence; solvent-less; sputter deposition

1. Introduction

Zinc oxide (ZnO) is a wide band-gap semiconductor with a direct band gap (3.35 eV),
large exciton binding energy of 60 meV, which can be doped to show a resistivity of
4.4 × 10−3 Ω· cm at room temperature [1–3]. These properties make it of interest as a poten-
tial material for applications in gas sensors [4], transistors [5], LEDs [6], photocatalysis [7],
ultra-violet lasers [8] and also in solar energy conversion [9]. The controlled derivation of
nanoscale shapes and different morphologies is of great interest because of the possibility of
tuning the physico-chemical properties of these materials related to their surface properties
and states. ZnO nanostructures can be synthesized in a number of ways. Based on the
most commonly used approaches we can propose the division to vacuum and chemical
methods, both of which have their own advantages and yield different properties of the
materials [2,10–12]. The chemical methods focus mainly on obtaining nanostructured ZnO
by wet methods such us sonochemical [13], sol-gel [14], solvo- or hydrothermal [15] or

Compounds 2024, 4, 534–547. https://doi.org/10.3390/compounds4030032 https://www.mdpi.com/journal/compounds

https://doi.org/10.3390/compounds4030032
https://doi.org/10.3390/compounds4030032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/compounds
https://www.mdpi.com
https://orcid.org/0000-0003-1416-7664
https://orcid.org/0000-0002-6538-6632
https://orcid.org/0000-0002-8694-5616
https://orcid.org/0000-0003-0108-6902
https://orcid.org/0000-0001-6067-1875
https://orcid.org/0000-0003-3161-8455
https://orcid.org/0000-0002-2033-1582
https://orcid.org/0000-0002-3407-0395
https://orcid.org/0000-0002-7661-2412
https://doi.org/10.3390/compounds4030032
https://www.mdpi.com/journal/compounds
https://www.mdpi.com/article/10.3390/compounds4030032?type=check_update&version=1


Compounds 2024, 4 535

organometallic approaches [16,17], etc, leading to the formation of nanostructures and
nanoparticles. Vacuum methods focus more on thin, uniformly dense films grown by means
of atomic layer deposition [18] or epitaxial techniques [19], pulsed laser deposition [20] or
magnetron sputtering [21].

The magnetron sputtering technique is the one which is the least cost-intensive of the
vacuum-based ones. Most of the research on ZnO materials done by sputtering concerns
transparent conductive ZnO-based films [8]. In this technique, a substrate is positioned
close to the deposition source, where it catches the arriving particles and enables them to
coalesce into a layer. Because the procedure takes place in a vacuum deposition chamber,
the particles can move about freely. The coatings produced this way are in most cases
textured along the substrate-source line of sight, and are not conforming because the
particles have a tendency to travel in straight lines. Magnetron sputtering can be used
to deposit metals, alloys, and composites on a variety of materials with thickness in the
nanometer and micrometer range. Compared to other vacuum coating processes, it has
a number of significant advantages shown in Figure 1. These properties have led to the
development of many commercial applications, from the production of microelectronics to
simple decorative coatings [22,23]. Several years ago, our group showed it was surprisingly
possible to obtain ZnO nanostructures through magnetron sputtering with ex-situ post-
deposition annealing in oxygen [21] which opened the way for uniform nano-structural
ZnO coatings on large surfaces. Their applicability in surface reaction-based applications
will be shown here as electrodes for photocatalytic water purifying. Although ZnO can
decompose in strongly basic or acidic environments, its low toxicity and availability makes
is one of the materials of choice for photocatalysis. The advantage of our fabrication method
is that the material grows in the form of a meso-porous structure which enables unrestricted
medium flow to the ZnO nano-crystals, as is opposite to the solution-processed material
where the spherical nanocrystallites aggregate, reducing their available surface and thus the
photocatalytic activity [7,24,25]. This also means that less material is required to achieve the
same efficiency. Finally, no wet chemical processing means that no ligands are covering the
surface of the nanostructures, make them more available for any surface-bound reactions,
such as the ones in photocatalysis. Additionally, annealing is a heat treatment process
that often determines the crystal structure, morphology, and chemical properties. Many
reports emphasize the importance of annealing and the relationship between the increase
in photocatalytic activity and the annealing temperature of the layer, as described by Kim
et al. [26]. The high activity of nanocomposites obtained after annealing the seed layer is
attributed to their high ability to absorb UV radiation, large surface area, and abundance
of oxygen defects, which promote the separation of electron-hole pairs, reducing electron
recombination [26,27].

Figure 1. Advantages of magnetron sputtering.
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In photocatalysis, the electronic properties of the material play a significant role. ZnO
is generally an n-type semiconductor with the presence of defects such as oxygen vacancies
(VO), interstitial zinc ions and zinc vacancies (VZn), which affect its optical and electrical
properties. In particular, the VO act as donors in ZnO [28], providing additional free
electrons to the system, while the VZn act as acceptors, quenching the conductivity. We
will discuss the influence of the defects observed in the material on the photocatalytic
efficiency in further parts of the text. A simplified diagram of the heterogeneous oxidation
steps in the photocatalytic reaction proceeding with ZnO NPs are shown in Figure 2.
The stages of the entire process can be described as follows: (1) diffusion of organic
impurities from the liquid phase onto the ZnO surface; (2) adsorption of organic impurities
on the ZnO surface; (3) red-ox reaction in the adsorbed phase; (4) desorption of products
and (5) removal of products from the interface area [7,29]. The red-ox reaction in this
schematic takes place in the presence of UV light through a generation of reactive oxygen
species (ROS) (Figure 3). In the presence of radiation with a wavelength less than 400 nm,
electrons (e−) are excited from the valence band (VB) into the conduction band (CB),
generating positively charged holes (h+). In the aquatic environment the photo-generated
electron can reduce a dioxygen molecule to form a superoxide radical anion (O−

2 ), while
h+ can oxidize water molecules and hydroxide ions, generating hydroxyl radicals and
H2O2 hydrogen peroxide molecules. In addition, recombination of electron-hole pairs can
generate photon emission (radiative recombination), which in turn can excite ground-state
oxygen, producing singlet oxygen [30–32]. The combined effects of photodissociation
of H2O2 in the presence of light and on the surface of the photocatalyst, as well as the
complex transport of highly reactive hydroxyl radicals OH· in the reactant mixture, may be
responsible for the enhanced photodegradation of MB in the presence of zinc oxide and
H2O2. During the conversion of these molecules mineral acids, CO2 and H2O are produced.
The following reaction strategies for the photolysis of H2O2 are based on the literature
(Figure S1 in the Supplementary Information) [26,33,34]. Based on our previous studies,
the annealing conditions applied in the process of fabricating our nanoporous ZnO films
can lead to differences in the optically active defect density in the films [35]. Therefore,
in the current study, we wanted to explore this concept and look at how the properties of
differently deposited and annealed material would influence the photocatalytic activity of
nanostructured ZnO thin films during degradation of pollution in water, and discuss the
role of the defects in the photocatalytic process.

Figure 2. Heterogeneous photocatalytic process steps.
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Figure 3. Mechanism of radiation-induced formation of reactive oxygen forms.

2. Materials and Methods

Fabrication Zn/ZnO thin films. The experimental setup for magnetron sputtering
deposition is schematically shown in Figure 4. The substrate was Si (100) with a thickness
of 500 µm, but in principle it can also be a paper, quartz, glass, metallic, polymer or
other substrate. The cleaned and washed silicon wafer was placed in the process chamber
of the sputtering device and the chamber was pumped down to a vacuum of 10−5 Pa.
The deposition involved a combination of oxygen and argon in a set ratio. The gas flows
used were 3 sccm Ar: 0.3 sccm O2—sample A, 3 sccm Ar: 0.6 sccm O2—sample B, 6 sccm
Ar: 0.6 sccm O2—sample C, and 10 sccm Ar: 1 sccm O2—sample D. The addition of a small
oxygen content to the argon gas leads to the growth of porous films, as the oxygen induces
increased nucleation of new grains as well as enables the self-shadowing growth of the
porous structures, as discussed in detail elsewhere [36]. The sputtering process itself was
carried out using a 75 mm diameter zinc target supplied in DC mode with 80 W DC power,
placed at a distance of 15 cm from the silicon wafer.

Figure 4. Sputtering deposition setup schematic.

A constant pressure of 0.4 Pa was maintained in the process chamber throughout the
entire deposition process, the time of which was varied to get porous zinc films with a
profilometer-determined thickness of 1000 nm on the surface of the silicon wafers. This
time was equal to: 28 min 37 s, 22 min 46 s, 25 min 25 s and 22 min 19 s respectively
for samples A, B, C and D. As the films are porous, their top surface has a significant
roughness and the determined thickness is a mean value over a certain distance, as is the
case with profilometer measurements. SEM cross-section images of the deposited films
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were presented in Figure S2 in the Supplementary Information Since the deposited material
is meso-porous nanostructured Zn, it needs to be annealed in oxygen after deposition to
form ZnO. Despite the increase in particle size with annealing temperature, the thickness of
the films does not change after annealing (see Figure S3 in the Supplementary Information).
However, the activity of the photocatalyst is enhanced due to the increased number of
defects, extended lifetime of charge carriers and higher quantum yield. The post-deposition
annealing process is performed in a dry oxygen flow and the main variable responsible for
the outcome is the annealing temperature. We know from previous experiments, that the
temperature has to be equal or higher than 400 °C, which is why we chose 400, 600 and
800 °C annealing temperatures for samples from each deposition batch, yielding 12 different
samples. The annealing time is 20 min in each case.

2.1. Material Characterization

In order to fully characterize the obtained films, a wide range of studies were carried
out. The structural characterization of ZnO thin films were performed by Scanning Electron
Microscopy (SEM) on a Zeiss Gemini system (Oberkochen, Germany). The crystal structure
was studied by X-ray diffraction (XRD) using an Empyrean diffractometer from Malvern
Panalytical (Malvern, UK) equipped with a copper anode X-ray tube with a copper anode
as a source of Cu Kα radiation. Measurements were made in Bragg-Brentano geometry,
in 2θ range: 20°–80° with a step of 0.0131°. The optical characterization was done using
room-temperature photoluminescence (PL) with a Kimmon Koha (Itabashi, Japan) 325 nm
He-Cd laser excitation and a Shamrock 500 spectrometer (Andor-Solis, Belfast, Northerm
Ireland) using a 600 lines/mm diffraction grating.

2.2. Photocatalysis Measurement

Methylene blue (MB) was the model organic pollutant to examine the ZnO samples
photocatalytic activity. These properties were evaluated based on the rate and degree of
degradation of MB over time under the influence of UV radiation at room temperature.
The decomposition processes were monitored by UV-Vis measurements on the Hitachi
(Tokyo, Japan) U-2910 spectrophotometer. A standard 3.5 mL quartz cell (Hellma) with
a 10 mm path length and transparent on all four sides was used.Absorption spectra were
recorded at intervals of 20 min, with the first 40 min the degradation of the dye took place
without the use of UV light (6 W, 365 nm). The typical procedure consisted of the immersion
of the 10 mm × 10 mm substrate with a layer of porous ZnO in 10.5 mL MB solution with
constant stirring. Work station diagram for photocatalysis is shown in Figure S4 in the
Supplementary Information. Photocatalytic activity was assessed by measuring and analyz-
ing UV-Vis spectra after each 20 min up to 240 min total degradation time. The percentage of
MB degradation was calculated as follows: %MBdegradation = [(C0 − C)/C0]× 100%, where
C0 is the initial absorbance, C is the absorbance after irradiation at various time intervals.

3. Results

Below, we present the results of the vacuum approach, i.e., fabrication of thin films
porous Zn by magnetron sputtering and post-deposition oxidation at various temperatures
to get ZnO, allowing comparative investigation on the preparation and characterization of
thin film porous ZnO. In addition, experiments of photocatalytic activity have been carried
out to establish the fabrication-property-relationship of the selected ZnO thin films.

3.1. X-ray Diffraction

The XRD analysis of the samples before and after annealing between 400 °C and 800 °C
is presented in Figure 5. The major diffraction peaks for Zn were seen in the as-deposited
samples. These disappeared after annealing and peaks corresponding to the (100), (002),
(101), (102), (110), (103), (200), (112), and (201) ZnO planes were detected at different
positions for the analyzed samples for all temperatures and morphologies. This confirms
that the material is pure ZnO with the wurtzite hexagonal phase (JCPDS no. 36-1451).
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The sharp peaks on the XRD pattern allow to conclude that obtained porous ZnO thin films
are highly crystalline. The peak intensity of the (100), (002), and (101) planes increased with
increasing annealing at temperatures of 400 °C, 600 °C, and 800 °C indicating improving
crystallinity. High crystallinity promotes the transfer of photo generated electrons and
holes from the bulk to the surface of the photocatalyst, enhancing photocatalytic efficiency.
The only sample with remaining Zn peaks in the pattern after annealing is Sample A
annealed at 400 °C suggesting that not all of the Zn layer was oxidized to ZnO and pure
zinc remained in the material. The resulting sizes of the crystallites calculated using
Scherrer’s formula are shown in Table S1 in the Supporting Information. Annealing with
an increase in temperature range 400–600 °C promotes agglomeration and coalescence of
the nanowires, as was observed for our samples annealed in an oxygen atmosphere.

Figure 5. X-ray diffraction (XRD) for porous Zn films before and after annealing in the presence of
oxygen for samples A (a), B (b), C (c) and D (d). Zn peak positions marked with grey squares.

Consistent with this, increasing the temperature causes the decrease of pore sizes and
volume thereby reducing the active surface area of ZnO as a photocatalyst. These results
suggest that we can control grain size with annealing temperature.

The SEM images (Figure 6) show that the particle sizes are in the range 50 to 600 nm.
The Scherrer equation, however, yields crystallite sizes that are smaller than 44 nm.
The SEM gives the particle size but the Scherrer equation gives us the size of the crys-
tallite. In essence, a crystallite is a single crystal. We work with polycrystalline particles,
which are made up of many crystallites. As a result, the particle size of a polycrystalline ma-
terial is larger than its crystallite size. All of the samples presented in this paper appear to
be polycrystalline, as evidenced by the many peaks seen in their X-ray diffraction patterns.
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Figure 6. SEM images of zinc and oxidized zinc samples annealed at different temperatures of 400 °C,
600 °C and 800 °C for a zinc sample deposited in flow of (a) 3 sccm Ar and 0.3 sccm O2, (b) 3 sccm Ar
and 0.6 sccm O2, (c) 6 sccm Ar and 0.6 sccm O2, (d) 10 sccm Ar and 1 sccm O2.

3.2. Scanning Electron Microscopy

The plan-view images in Figure 6 shows also that the increase in the oxidation tem-
perature of the porous zinc layer causes a change in morphology for each sample from
whiskers to more spherical particles. Therefore, agglomeration of the material is observed,
which can lead to a decrease in the specific surface area of the film. This phenomenon
was observed for all morphologies except samples from batch B, which retained their
morphology to a much greater extent than the samples from other batches.

3.3. Optical Properties

Figure 7 illustrates the PL spectra of porous ZnO thin films annealed in oxygen at
400–800 °C. Three distinct areas can be identified in all spectra. Several peaks in the range
of 360–390 nm, next a significant broad peak centered at 525 nm and finally a very intensive
peak centered around 680–700 nm. On top of the last peak, a second diffraction order of the
structure from the 360–390 range is visible.

The UV emission at 360–390 nm, denoted as Near Band Edge Emission (NBE), is
related to excitonic recombination at energies close to the ZnO band edge. A clear NBE
emission visible at room temperature for all sample batches indicates a the very high crystal
quality of the individual nanocrystallites. The dominating NBE lines, can be identified,
based on the previous studies of nanoporous ZnO [35] as free excitons (FX) at 3.41 eV
and donor-bound excitons (D0X) at 3.36 eV [37–41]. The lower intensity lines are LO
phonon replicas of the D0X line positioned respectively one (72 meV) and two (144 meV)
LO phonon energies in ZnO below the D0X line [42]. A small peak on the high energy
slope of the D0X line (3.37 eV) in samples annealed at 800 °C can be attributed to the
surface bound excitons (SBE) usually visible with samples with a highly developed surface
like ours [35]. This peak structure is the same, with same positions of the peaks for all
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the sample batches, however the general intensities of the emission are the highest in the
batch B-800 °C. The intensity of the near band edge (NBE) UV emission region increases
as the annealing temperature was raised from 400 °C to 800 °C, relating to the improved
crystalline quality, which is consistent with the XRD data.

Figure 7. PL spectra of porous ZnO films grown on Si substrate, annealed at (a) 400 °C, (b) 600 °C
and (c) 800 °C.

Photoluminescence emission with energies smaller than the ZnO band gap can be
related to a number of intrinsic effects of the ZnO crystal including oxygen and zinc vacan-
cies (VO, VZn), interstitial atoms (Oi, Zni) or anti-site defects (OZn, ZnO), as well as various
surface states. A schematic of mechanisms for possible visible light emission sources in ZnO
thin films is illustrated in Figure S5 in the Supplementary Information. In the measured
spectra, the broad peak (FWHM around 0.4 eV) centered around 525 nm giving green
emission is very pronounced with its tails reaching the blue region. The green emission can
be attributed to the transition between the band-edge and local defect-originating energy
levels within the band-gap. It is commonly acknowledged that the transitions responsible
for this green emission are between conduction band minimum and oxygen vacancies
(VO) [43]. A second candidate would be intra-gap transitions between extended interstitial
zinc levels (ex − Znii) and zinc vacancies (VZn) [44]. Although both Zni and VZn are widely
recognized as major defects within the material [42], we do not see any emission related
to neither Zni − VB, Zni − VZn nor CB − VZn transitions, which should be observed in
the violet and blue ranges. This allows us to conclude that the defect responsible for the
green emission in our material is the VO. The broad peak of red luminescence (FWHM
of 0.45–0.55 eV), centered at around 700 nm is related to energy levels which is typically
attributed to surface-related mid-gap states (SS) of unknown charge [45]. Other possibilities
include oxygen vacancies [46] and oxyygen interstitials [47]. It has to be noted, however,
that the intensity of this line does not correlate with the green VO emission, and that in the
samples annealed at high temperatures the presence of interstitials is highly unlikely, which
is why the surface state identification will be used here. It can be strongly influenced by the
processing of the material. The reason for two broad visible bands is that ZnO films have a
large surface to volume ratio and high porosity leading to a relatively broad distribution of
physical properties of the nanocrystallites. Since the FX and D0X emissions are strongly
related to the energy gap of the material and the crystalline quality, they tend to differ very
little between the samples. On the other hand, the distribution of defects and surface states
is strongly depended on the material morphology and processing conditions. The latter is
also true for the SBX, which appear after annealing at 800 °C.

3.4. Photocatalytic Degradation of Methylene Blue by ZnO Thin Films

Methylene blue is a standard aqueous impurity used to determine the photocatalytic
potential of various materials, including ZnO. The spectra of the MB solutions before
degradation and after 240 min degradation for all samples along with the trends of degra-
dation as a function of time for all samples are shown in Figure 8. Generally, the higher
the oxidation temperature, the better the conversion efficiency (Table S2). The annealing
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at 400 °C shows similar MB degradation for samples B, C and D, while for the sample A
it shows almost no degradation. The low percentage of methylene blue degradation for
sample A annealed at 400 °C may be attributed to incomplete oxidation of the zinc layer,
making oxidation under such conditions insufficient to obtain a homogeneous ZnO layer,
as shown in the XRD patterns in Figure 6. Increasing the oxidation temperature to 600 °C
increases the degradation percentage of MB for all samples, however the increase is the
smallest for the sample B. It is worth noting, that samples C and D start to show some
degree of ripening while sample A shows agglomeration, with larger crystallites. This does
not seem to influence the degradation. Furthermore, heating at a temperature of 800 °C
causes a more pronounced ripening of the samples C and D and substantial agglomeration
and calcination of the sample A, as shown in SEM images, leading to a reduction in the
active surface area of porous layers in the case of the sample A to almost no porosity. This
leads to a drop in the degradation efficiency for sample A Sample B, shows other behavior,
with no morphology changes visible and an increase in the percentage of degradation.

Figure 8. (a) Absorbance spectra of methylene blue dye for catalyst-porous ZnO films of different
ZnO morphologies annealed at different temperatures, (b) photocatalytic degradation efficiency
between C/C0 and the irradiation time of different ZnO morphology.
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4. Discussion

The photodegradation of organic dyes in solution is a complex process, depending
on a number of factors, such as the available surface area and availability of active sites
at the surface of the catalyst. Trying to understand the photodegradation behavior, we
analyzed the areas of all photoluminescence lines, fitted using Gaussian profiles, and their
combinations, to find correlations with the degradation percentage. Since the luminescence
of the samples annealed at 400 °C is very low, we will present the discussion for samples
annealed at 600 and 800 °C. Figure 9 presents the trends for the individual lines from the
NBE region, the VO and the SS lines along with the trend for percent of MB degraded.
Looking at the data for 800 °C, it seems that the VO profile well correlates with the degrada-
tion profile, which would be argued by some, as the VO profile intensity has been shown
to correlate positively with the photodegradation efficiency [48]. However, taking into
account the system we identified in our samples, including NBE, VO and SS it is evident,
that the VO is not only an acceptor, which would kill any free electron but is also below the
energy level of the SS, which would therefore intercept any surface electrons before it got
the chance to get to the VO. This is further supported by the fact that there is no correlation
between the VO and the degradation for the samples annealed at 600 °C. There, the SS line
looks as correlated in a very good way. The SS trend is not well correlated for the samples
annealed at 800 °C. However, taking account that the surface effects are responsible for the
photocatalytic degradation we notice, that for the 800 °C samples another surface-bound
feature is visible in the luminescence spectra—the SBX. If we now combine the SBX and
SS lines, we get a very good correlation with the degradation trend, except for the sample
A. In the case of this sample, we can assume that the much lower degradation efficiency is
related to the calcination and loss of porosity, resulting in a significant loss of surface area.

Figure 9. Trends of the photoluminescence line areas and the degradation percentage of MB for the
samples annealed at 600 °C (a) and 800 °C (b).
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In order to get more qualitative results, enabling comparison with other approaches,
we recalculated the degradation from percent to actuall mass. The typical photocat-
alytic procedure utilized a 50 mL solution of methylene blue with 50 mg/L, which gives
7.82 × 10−8 moles MB in the volume used, V = 50 mL. Analyses of the deposited ZnO
material indicated that 1000 nm of it weighs in the range of 2–77 mg depending on the
annealing temperature and deposition parameters. The recalculated values in moles of
degraded MB per mass of the ZnO used are shown in Table S3.

A direct comparison to other ZnO nanostructured forms in terms of MB degradation
efficiency is possible, but not straightforward, as shown in Table 1. In photocatalysis there
is no single standard of neither MB concentration, catalyst loading nor MB solution volume
used for the experiment, which requires a discussion of the literature results. Out of the
presented data, it can be seen that very high degradation efficiencies are reported for low
MB concentration or high catalyst loading, meaning that the ratio of catalyst to the pollutant
is high, as one could expect. A high power of the illuminating light also plays a role in
increasing the rate of catalysis. These solutions, however lead to the use of a lot of electrical
energy and a significant amount of the catalyst material, which in turn generates waste.
When comparing with the work of on calcinated ZnO which has the same solution volume
and MB concentration, but 25 times higher mass of catalyst and almost 17 times higher
illuminating lamp power, we can see that our material in a very small amount, at very
small lamp power, yielded a 30%-higher MB degradation. This shows that the efficiency of
the developed material is very high and provides better performance than similar materials,
while using less power, less chemicals during fabrication and being attached to a rigid
surface for ease of handling.

Table 1. Comparison of literature reports on ZnO nanoparticle degradation efficiency of MB, with re-
gard to MB concentration and mass loading of the catalyst.

Catalyst Light Source Mass of
ZnO (mg)

Volume of
Solution

(mL)

MB
Concentration

(mg · L−1)
Irradiation
Time (min)

MB
Degradation

(%)
Reference

Sol-gel, sintered
600 °C Visible 100 100 20 120 25 [49]

Calcinated 700 °C 430 nm, 100 W 10 50 50 120 30.67 [50]

Flame spray
pyrolysis 365 nm, 20 W 1500 650 15 60 99 [51]

Multi-shelled
decorated

Xenon lamp,
300 W 20 200 10 30 90 [52]

Sample B-800 °C UVA lamp, 6 W 0.4 50 50 120 40 This work

5. Conclusions

Porous Zn layers with different morphologies were designed and fabricated by sput-
tering from a Zn target using a DC power source, which were then annealed at different
temperatures in the presence of oxygen to obtain porous zinc oxide layers. The effects
of annealing on morphology, grain size and photoluminescence and photocatalysis were
studied by XRD, SEM, UV-Vis spectrophotometer and PL. The results show that we are
able to obtain thin, porous ZnO films with different morphologies, whose grain sizes and
optical properties can be controlled by annealing temperature. Studies indicate that there is
a strong correlation between the particle size, the PL signal, and therefore the presence of
SOV and photocatalytic activity. We explain the activity of the photocatalysis based on the
presence of surface-states evident in the photoluminescence. The photocatalytic efficiencies
rival those of the nanoparticles, at much lower mass of the active material and without the
need for solvent-based processing. Unlike other methods of obtaining ZnO, our method
is unique in that it obtains pure material without organic envelopes as is the case in other
wet methods, making ZnO thin films promising toward photocatalytic applications as well
as beyond.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/compounds4030032/s1, Figure S1: Mechanism of photolysis
of hydrogen peroxide. Figure S2: SEM cross-section images of samples A, B, C and D. Figure S3:
SEM cross-section of sample C as-deposited and after annealing showing no significant change in
thickness. Figure S4: Schematic drawing of the photocatalysis stand. Figure S5: Mechanism for visible
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